Elevation of intravascular pressure causes depolarization and constriction (myogenic tone) of small arteries and arterioles, and this response is a key element in blood flow regulation. However, the nature of pressure-induced depolarization has remained elusive. In the present study, we provide evidence that a transient receptor potential channel (TRPC6) homologue has a major role in this depolarizing response to pressure. Antisense oligodeoxynucleotides to TRPC6 decreased TRPC6 protein expression and greatly attenuated arterial smooth muscle depolarization and constriction caused by elevated pressure in intact cerebral arteries. Suppressing the expression of this channel protein also reduced the current density of a major cation current in resistance artery smooth muscle cells. We propose that TRPC6 channels play an essential role in regulation of myogenic tone.
Elevation of intravascular pressure causes depolarization and constriction (myogenic tone) of small arteries and arterioles, and this response is a key element in blood flow regulation. However, the nature of pressure-induced depolarization has remained elusive. In the present study, we provide evidence that a transient receptor potential channel (TRPC6) homologue has a major role in this depolarizing response to pressure. Antisense oligodeoxynucleotides to TRPC6 decreased TRPC6 protein expression and greatly attenuated arterial smooth muscle depolarization and constriction caused by elevated pressure in intact cerebral arteries. Suppressing the expression of this channel protein also reduced the current density of a major cation current in resistance artery smooth muscle cells. We propose that TRPC6 channels play an essential role in regulation of myogenic tone. O riginally described by Bayliss 100 years ago, 1 myogenic tone develops when intravascular pressure is increased. Myogenic tone plays a key role in regulation of tissue blood flow in vivo 2 and thus is of major significance in cardiovascular control. Elevation of intravascular pressure depolarizes the smooth muscle cells within the arterial wall. 3 The depolarization activates dihydropyridine-sensitive (L-type) voltage-dependent Ca 2ϩ channels, 4 which leads to increased intracellular Ca 2ϩ and vasoconstriction.
Although depolarization is key to myogenic tone, the molecular identity of the ion channels involved in this response is an important unresolved issue in vascular biology. However, the recently identified mammalian transient receptor potential channels (TRPCs) 5 are good candidates for this role in arterial smooth muscle. Members of this family of cation channels are found in many different tissue types including vascular cells. 6 -9 The TRPC6 homologue is highly expressed in vascular smooth muscle, and these channels share many of the biophysical properties of vascular cation currents. 6, 7, 10, 11 In the present study, we have tested the hypothesis that TRPC6 channels are involved in the pressureinduced depolarization that increases myogenic tone.
Materials and Methods
Cerebellar and posterior cerebral arteries (150 m, inner diameter) from 12-to 16-week-old Sprague-Dawley rats (Charles River Laboratories, St Constant, Canada) were studied. All animal use procedures were in accordance with institutional guidelines and approved by the Institutional Animal Care and Use Committee at the University of Vermont. For RT-PCR analysis, total RNA was extracted from arterial segments (Ϸ3 mm long) or Ϸ100 enzymatically isolated myocytes, and first-strand cDNA was synthesized. Forward and reverse primers specific for TRPC6 were TRPC6F 5Ј-GTGCCAAGTCCA-AAGTCCCTGC-3Ј and TRPC6R 5Ј-CTGGGCCTGCAGTA-CGTATC-3Ј. These primers yield a 315-bp TRPC6 cDNA product.
To assess TRPC protein expression, arteries were homogenized. Solubilized proteins were then separated by electrophoresis and detected using polyclonal antibodies to TRPC3 (anti-rabbit, 1:1000 dilution, Alomone Labs), TRPC6 (anti-rabbit 1:1000, Alomone Labs), or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; anti-mouse, 1:1000, Chemicon Labs). Gels were scanned using a densitometer, and the relative densities of TRPC bands in extracts from sense-and antisense-treated arteries (normalized to GAPDH density) were compared. To verify TRPC antibody specificity, TRPC3 and TRPC6 proteins were expressed in a rabbit reticulocyte in vitro expression system and immunoblotted using TRPC3 and TRPC6 antibodies. No cross-reactivity of the TRPC3 or TRPC6 antibodies was noted.
For immunohistochemistry, arteries were fixed in paraformaldehyde, permeabilized in Triton X-100, and exposed to primary (rabbit anti-TRPC3, 1:200 dilution; rabbit anti-TRPC6, 1:500 dilution) and secondary (Cy3-anti-rabbit IgG, 1:500 dilution, Jackson ImmunoResearch) antibodies. Arteries were viewed using a BioRad 1000 confocal microscope.
Oligodeoxynucleotides (ODNs) were designed based on conserved regions between mouse and human TRPC6 sequences and were as follows: antisense, 5Ј-GGAGTTCAGACTGGCTAGGG-3Ј and 5Ј-GTGAAGGAGGCTGCGTGTGC-3Ј; sense, 5Ј-CCCT-AGCCAGTCTGAACTCC-3Ј and 5Ј-GCACACGCAGCCTC-CTTCAC-3Ј (Annovis Inc). To assess cellular localization, fluorescein isothiocyanate was conjugated to the 5Ј terminal nucleotides. ODNs were introduced into intact cerebral arteries using a reversible permeabilization procedure. 12 Arteries (unpressurized) were then organ-cultured for 4 to 5 days in DMEM/F-12 (serum-free) culture medium.
After organ culture, arteries were mounted in an arteriograph, endothelial cells were removed, and diameter and membrane potential were monitored, as previously described. 3, 10 In addition, cation currents were measured in smooth muscle cells isolated from TRPC6 sense-and antisense-treated arteries using conventional whole-cell patch-clamp techniques. 10 An expanded Materials and Methods section can be found in the online data supplement available at http://www.circresaha.org.
Results and Discussion
Message for TRPC6 was identified in smooth muscle cells of cerebral arteries ( Figure 1A ). Western blot analyses yielded protein bands of the appropriate molecular mass for TRPC6 13 (Ϸ105 kDa) ( Figure 1B) . Immunofluorescent labeling of intact cerebral arteries revealed a circumferential staining pattern for TRPC6, consistent with localization of TRPC6 to arterial smooth muscle ( Figure 1C ) (labeling was absent when antibody was preabsorbed by TRPC6 antigen peptide).
For comparison, immunofluorescent labeling of another major TRPC, TRPC3, was also assessed and was clearly present in the smooth muscle cells ( Figure 1C) .
To assess the functional role of TRPC6 in cerebral arteries, we used an oligonucleotide approach to decrease the expression of TRPC6 in cerebral artery myocytes. TRPC6 ODNs were clearly present in arterial smooth muscle cells after the permeabilization procedures (Figure 2A ). TRPC6 antisense ODNs reduced the expression of TRPC6 protein in cerebral arteries by 58Ϯ6% compared with sense-treated arteries (PϽ0.05) ( Figures 2B and 2C ). This effect appeared to be specific because TRPC3 expression was unaffected by the antisense ODNs directed against TRPC6.
To obtain direct evidence for the functional roles of TRPC6 channels in cerebral arterial smooth muscle, we examined the effects of contractile stimuli on the diameter of TRPC6 sense-and antisense-treated arteries. Membrane depolarization by elevation of external K ϩ to 60 mmol/L constricts cerebral arteries by Ϸ60% through activation of voltage-dependent Ca 2ϩ channels and elevation of internal [Ca 2ϩ ]. 14 In the present study, antisense and sense ODNs did not affect the K ϩ -induced constrictions (decrease in resting diameter: sense, 52Ϯ3%; antisense, 56Ϯ2%). This finding indicated that treatment with ODNs did not have generalized inhibitory effects on arterial contractility or inhibit voltagedependent calcium channels. In contrast, vasoconstriction induced by elevating intravascular pressure was inhibited by 70% to 80% in TRPC6 antisense compared with sense-treated arteries ( Figures 3A and 3B ). Furthermore, TRPC6 antisense ODNs reduced pressure-induced depolarization of the arterial smooth muscle cells by 60% compared with sense-treated arteries, but did not affect the membrane potential at low pressure ( Figure 3C ). These findings are consistent with Figure 1 . TRPC6 message and protein are present in rat cerebral resistance arteries. A, TRPC6 mRNA was detected using RT-PCR; reactions without reverse transcriptase (Ϫ) were run alongside cDNA templates (ϩ) to verify the absence of genomic DNA contamination. B, TRPC6 protein expression. Western blots were exposed to TRPC6 antibody in the absence (Ϫ) or presence (ϩ) of the TRPC6 antigenic peptide. C, Histochemical localization of TRPC6 and TRPC3 in cerebral arteries. Scale barϭ50 m.
Figure 2. Incorporation of ODNs into intact rat cerebral resistance artery smooth muscle cells and suppression of TRPC6
channel protein by antisense ODNs. A, FITC-labeled ODNs enter smooth muscle cells in arteries exposed to permeabilization solutions (right), but not those exposed to physiological saline alone (left). Scale barϭ50 m. B, Western blots showing the effects of TRPC6 antisense ODNs on the expression of TRPC3 and TRPC6. C, Summary of the effects of TRPC6 antisense ODNs on the expression of TRPC3 (nϭ5) and TRPC6 (nϭ5) in intact cerebral arteries. The solid black line represents the passive arterial diameter (bath solution: 2 mol/L nisoldipine, zero Ca 2ϩ ) at each intravascular pressure. B, Summary of the effects of TRPC6 sense (nϭ7) and antisense (nϭ8) ODNs on myogenic tone. C, TRPC6 antisense ODNs inhibit pressure-induced depolarization of cerebral arteries (endothelium removed). D, Cation currents in smooth muscle cells isolated from ODN-treated arteries. Currents were elevated by exposure to hypo-osmotic bath solutions (250 mOsm). Whole-cell capacitance values for these two cells were the same (13 pF). E m cation current density was decreased by 47% (ϩ100 mV) in cells from antisense-versus sensetreated arteries. *PϽ0.01 vs Sense.
pressure-causing vasoconstriction through activation of TRPC6 cation channels.
Sodium-permeable nonselective cation channels are present in arterial smooth muscle cells. 10, 11 In myogenic cerebral arteries, currents through these channels were elevated by cell swelling, a stimulus that seems to mimic the effects of elevated intravascular pressure. 10 If these currents reflect activation of TRPC6 channels, then their activity should be suppressed by treatment with TRPC6 antisense ODNs. Indeed, we found that the density of the cation current was substantially reduced in smooth muscle cells from arteries exposed to TRPC6 antisense versus sense ODNs (Figures 3D  and 3E ).
Inhibition of voltage-dependent potassium (Kv) channels causes substantial depolarization of arterial smooth muscle cells. 14 As a control, we tested the effects of the ODNs on Kv currents and observed no differences in cells from senseversus antisense-treated arteries (Kv current density at ϩ100 mV: sense-treated, 26.1Ϯ1.0 pA/pF, nϭ4; antisense-treated, 27.0Ϯ0.8 pA/pF, nϭ3). This indicates that the effect of TRPC6 antisense ODNs on the cation currents was specific and lends further support for a major role of TRPC6 in pressure-induced depolarization.
Although TRPC channels are present in cells in the cardiovascular system, 5-9 their functional roles in these cells have been unclear. In the present study, we have demonstrated that TRPC6 is centrally involved in the mechanisms underlying myogenic depolarization and tone. This conclusion is based on the ability of TRPC6 antisense ODNs to (1) decrease (60%) TRPC6 protein expression, (2) attenuate pressure-induced depolarization (65%) and vasoconstriction (75%) in intact arteries, and (3) reduce (47%) the density of a cation current, which is involved in pressure-induced myogenic depolarization. 10 Consistent with the proposed role of TRPC6 in regulation of arterial tone, TRPC6 channels, 6 cerebral arterial cation currents, 10 and pressure-induced depolarization 10 are all inhibited by low micromolar concentrations of the cation channel blocker Gd ϩ . 3 Myogenic tone has been observed in resistance arteries in many vascular beds and seems to be involved in autoregulation of blood flow in the microcirculation of the brain, kidney, and heart. 2 The mechanisms by which pressure activates TRPC6 channels are not known. TRPC channels have been shown to be activated by phospholipase C (PLC), 5 possibly through direct actions of diacylglycerol (DAG) 6, 13, 15 generated via PLC activity. Pressure increases PLC activity 16 as well as the concentration of diacylglycerol 17 in isolated cerebral arteries. We therefore propose the following mechanism by which myogenic tone could be activated: 1intravascular pressure 3 PLC activation 3 1DAG activity 3 1TRPC activity 3 membrane depolarization 3 opening of VDCC 3 1 intracellular [Ca 2ϩ ] 3 1myogenic tone. The data from this study also suggest that TRPC6 is a potential target for pharmacological manipulation of vascular tone and peripheral resistance. Therefore, these findings could be of substantial relevance in the development of strategies to treat diseases associated with excessive vasoconstriction, such as hypertension and vasospasm.
